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Abstract. We consider hard leptoproduction of a photon on a spin-one target and give 
■ the general azimuthal angular dependence of the differential cross section. Furthermore, 

D ' we estimate the beam spin asymmetry for an unpolarized deuteron target at HERMES. 
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1 Introduction 



Exclusive two-photon processes in the light-cone dominated region, i.e., in the 
generalized Bjorken limit, are most suitable for the exploration of the partonic 
content in hadrons, since in leading order (LO) both photons directly couple 
to one quark line Q. In such processes one can measure, for instance, different 
^Sj ' photon-to-meson form factors, i.e., 7*7 — ► M, the production of hadron pairs 

and also processes like <y*N — * 7V7 or 7^ — > Nl + l~ . The latter two are denoted 
as deeply virtual Compton scattering (DVCS) in the space- and time-like regions 

The factorization of short- and long-range dynamics is formally given by the 
operator product expansion (OPE) of the time ordered product of two elec- 
O |' tromagnetic currents, which has been worked out at leading twist-two in next- 

D , to-leading order (NLO) and at twist-three level in LO of perturbation theory 

' (for references see [Q). However, one should be aware that the partonic hard- 

scattering part, i.e., the Wilson coefficients, contains collinear singularities, which 
are absorbed in the non-perturbative distributions by a factorization procedure, 
which has been proven at twist-two level S. 



H 

The non-perturbative distributions are defined in terms of light-ray opera- 
tors with definite twist sandwiched between the corresponding hadronic states. 
These process dependent correlation functions are sensitive to different aspects 
of hadronic physics. Especially, in DVCS one can access the so-called generalized 
parton distributions (GPDs). The second moment of the flavour singlet GPDs 
is related to the expectation value of the energy momentum tensor. Thus, it 
gives in principle information on the angular orbital momentum fraction of the 
nucleon spin carried by quarks ||. We should stress that this process is a new 
tool to probe the partonic content of the nucleon on the level of amplitudes and, 
thus, it provides us new information p0| . 

Recently, the DVCS process has been measured by the HI collaboration 
in the small xb region (see also fl2|) as well as in single beam spin asymmetries 
by the HERMES O] and CLAS TlJ collaborations. The theoretical predictions 



2 Axel Kirchner, Dieter Miiller 



depend on the GPDs, which are unknown. However, they are constrained by sum 
rules and the reduction to the parton densities in the forward kinematics. All 
experimental data are consistent with an oversimplified model, which satisfies 
the constraints and, thus, also with each other (tJ. 

ft is appealing to employ DVCS for the investigation of other hadrons and 
nuclei. An appropriate candidate is deuteron, which has been widely used as a 
target in lepto-scatteringexperiments. This nucleus has been extensively studied 
in both deep-inelastic |15| and elastic [ fulfil scattering. From the theoretical 
point of view it would be desired to have complementary information, which 
could give us a deeper understanding of this nucleus in terms of its fundamental 
degree of freedom |l8| . 

In this paper we outline the OPE approach applied to DVCS. Moreover, we 
determine the azimuthal angular dependence of the cross section for a spin-1 
target. Relying on qualitative properties of GPDs, which are consistent with 
the DVCS data for the proton target, we estimate the size of the beam spin 
asymmetry for HERMES kinematics. 



2 General formalism 

For the leptoproduction of a photon 

« ± (fc)ft(Pi) - ^(fcXPshfe) (1) 
on a hadronic target h with the mass M the five-fold cross section 
da a 3 XBU 

dx B dyd\A 2 \d(f>dip ~ le^oViT? 

depends on the Bjorken variable xb — Q 2 /2Pi ■ qi, where Q 2 = —q\ with 
qi — k — k' , the momentum transfer square A 2 = (P2 — Pi) 2 , the lepton energy 
fraction y = Pi • Q1/P1 ■ k and, in general, two azimuthal angle. We use the 
target rest frame, where the virtual photon three-momentum points towards the 
negative ^-direction. <f> is the angle between the lepton and hadron scattering 
planes and tp = <P — 4>n 1S the difference of the azimuthal angle ^ of the spin 
vector 

S M = (0, cos $ sin 0, sin # sin 0, cos 0) (3) 

and the azimuthal angle <pN of the recoiled hadron (see Ref. 0). 

In the following we consider this process in the (generalized) Bjorken limit, 
Q 2 ~ Pi • qi = large, A 2 and M 2 are comparably small. The amplitude T is the 
sum of the DVCS Tbvcs anc ^ Bethe-Heitler (BH) 7bh amplitudes: 

T '= E {I%h| 2 + |T DV cs| 2 +I}, (4) 

X',A' 

with the interference term 



T 

73 



„ M 



(2) 



I - PdVCS^H + ' 7 DVCS' 7 BH, 



(5) 
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where the recoiled lepton (A') and hadron (A') polarization will not be observed. 

Each of these three terms in Eq. ([I]) can be calculated in a straightforward 
manner by the contraction of a known leptonic tensor L M ... with the DVCS 
tensor T^ vcs or/and hadronic current J a . The former one is given in terms of 
GPDs, while the latter one is parametrized in terms of elastic electromagnetic 
form factors. For instance, the interference term reads 

E I =^^ Q (^ fc, )T° VCS (P,A 9 )4(^)+h.c. { + JZS + > ^ 



where P = P\ + P 2 and q = (gi + q 2 )/2. The resulting predictions for the spin-0 
and -1/2 targets are presented at the twist-three level in Refs. 

Let us now consider the spin-1 target in more detail. The hadronic current 



J M = G x + (e* 2 ■ Pe lfi + ei-Pe^) G 2 - e* 2 ■ P e t -P^ G 3 (7) 

is given by three form factors Gi(A 2 ) with i — {1, 2, 3}, where (e 2fl ) denote 
the three polarization vectors for the initial (final) hadron. The form factors 
Gi(A 2 ) have been measured and their parametrizations are available in the lit- 
erature, see Ref. jl7j and references therein. 

The DVCS hadronic tensor is given by the time-ordered product of the elec- 
tromagnetic currents j^, which is sandwiched between hadronic states with dif- 
ferent momenta. In LO of perturbation theory and at twist-two accuracy it reads 

i 

T^,A 2 , Q 2 ) = ^J dxe^(P 2 \T Jf ,(x/2)j^-x/2)\P 1 ) (8) 

- - V a V llYl. _ -p le p ^UL 
P ■ q P ■ q 

where the projection operator = g^v — qi^2u/Qi ■ 1i ensures gauge invari- 
ance. For convenience we introduced the scaling variable £ as „ XB . At twist-two 

& ^ 2 — x-b 

level the amplitudes V\ and A\ can be decomposed in a complete basis of nine 
Compton form factors (CFFs). Adopting the notation of Ref. Jig] , they read in 
the vector case 

V„ = -<;-<,P„«, + (<i-Pti„ + e,.P e y «, - ^.Pn.pJjjsH, (9) 



and in the axial-vector case 

A li =te lie » eiP ni ^5 H2 ( W > 

iCnAPer e 2 -P~ ituAPe' ^fP~ j^APei ^2 '9 + ituAPe' e±-q ~ 



4 Axel Kirchner, Dieter Miiller 



where 1/Q-power suppressed effects have been neglected. The remaining loga- 
rithmical Q-dependence is governed by perturbation theory. 

The CFFs in Eqs. @ and M) are given by a convolution of perturbatively 
calculable coefficient functions C^> and twist-two GPDs via 

Hk(ti)=Y< / dxC { r\i;,x)Hl(x lV ) lv= _ for k = {1, . . . , 5}, (11) 
Kk(0= E [ dxCl + \^x)Ht(x,rj) lri= ^, for k = {1, . . . , 4}. (12) 

i=u,... _1 



For each quark species z we have nine GPDs. The two sets {H[ 7 . . . , H^} and 
{HI,... ,H\} are defined by off- forward matrix elements of vector and axial- 
vector light-ray operators. The coefficient functions C^' have perturbative ex- 
pansion. In LO they read for the even (— ) and odd (+) parity sectors 



1 -x/C-iO T 1 + Jc/f-iO' 



(13) 



where Qi is the fractional quark charge. 

Employing the parametrizations (Q), (Q) and (10), the contractions of leptonic 
and hadronic tensors provide the kinematically exact expression for the squared 
BH term (of course, in tree approximation), while the interference term 



DVCS 



(14) 



2 - 2y + y 2 4g 
y 2 Vi (<j>)V 2 (ct>) A 2 Q} 

A(2 - y)y 4$ 



V 
q a 

k a - 2- 



J a + 2A^)q-Vl 



2ie 



aqAJ- 



y 2 V^)V 2 {<i>) A 2 Q} V V 

and the squared DVCS amplitude 

2-2y + y 2 £ 2 



J a + 2A 



Q 2 



q-^j + 2ie aqAJ 



q-4 

Q 2 
Q 2 



5> 
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y 2 Q' 

A(2-y) 
2/ S 6 



( 5 -Vi g.yt + g.Ai q-A\ 

(q-Vx q-Al+q-Ax q-Vf 



(15) 



are expanded with respect to 1/Q. In contrast to the squared DVCS amplitude 
the interference as well as the squared BH terms have an additional ^-dependence 
due to the (scaled) BH propagators 



Vi ~ — {1- y + 2ifcos(0)} 

y 



V 2 « -{1 + 2X cos(0)}. (16) 
V 
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The kincmatical factor 



K ^]j-§ (1-*b)(1 -»)(!-%*)• (17) 
vanishes at the kinematical boundary A 2 — Z\^ in ~ M 2 x|/(1 — Xb)- 

3 Observables for leptoproduction of a photon 

In our frame the contractions of leptonic and hadronic tensors, see Eq. (||), yield 
finite sums of Fourier harmonics, whose form is governed by general principles. 
After summation over the final polarization states, which is not indicated below, 
the three parts of the squared amplitude read for massless leptons |7|: 



<>< 



2 



IWsl 2 = ^ c° vcs + ^ K VCS cos(n^>) + S ° vcs sin(n0)] |> , (19) 



71=1 

3 



1 = ^vMw)& { 4 + § [c - cos(n0) + s - sin(n0)] I ' (20) 

where the + (— ) sign in the interference stands for the negatively (positively) 
charged lepton beam. 

The Fourier coefficients can be calculated from Eqs. (^), (|l5|), and an anal- 
ogous one for the squared BH amplitude by summing over the polarization A', 
where we can employ the common projector technique. For a spin-1 particle we 
have (see for instance |l9| ) 

e* ltl (A = 0)e lu (A = 0) = S^S V , (21) 

2 V ^ + ^~ ^+M ( 



e^G 4 = ±l)ei„(yl = ±1) = -3^ + T, 2 ~ ~ + 77 e ^-PiS 



where yl = {+1,0,-1} denotes the magnetic quantum number with respect 
to the quantization direction given by the spin vector defined in Eq. (^). 
Obviously, the spin sum of the recoiled hadron is 

£ e* 2ll {A')e 2v {A') = + ^g^- (22) 

A' = -l 

As we see, for a spin-1 target the Fourier coefficients quadratically depend 
on the spin vector and, thus, we find the following decomposition 

c « = c n,u„ P + c Ilp cos{0) + c^ TP (^) sin(<9) + c£ LTP (<p) sin(20) 

+£ LL p cos 2 (0) + c^. TTP (p) sin 2 (0) (23) 
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for T = {BH,Z, DVCS}. An analogous decomposition holds true for the odd har- 
monics s„. The unpolarized and the longitudinally polarized coefficients c/ s^ unp , 
c / s n LP' anc ^ c / s n LLP' respectively, are independent of tp. The transverse coeffi- 
cients c/s^ Tp and the transverse-longitudinal interference terms can be decom- 
posed with respect to the first harmonics in the azimuthal angle <p 

c n,Tp(^) = c^ TP+ cos(^) + s£ TP _ sin(», (24) 

C^LTP(^) = <£,LTP+ C0S <» + s n,LTP- sin (^), ( 2 5) 

while c/s^ TTp may be written as 

c »,ttpO) = c I,ttps + cI,ttp4 cos(2^) + s^ TTP± sin(2<p). (26) 

Analogous equations hold true for the odd harmonics (just replace c <-> s). Let us 
add that with this notation the c(s) harmonics are given by the real (imaginary) 
part of certain linear combinations of form factors and/or CFFs. 

Altogether we have for a given harmonic in cf> nine possible observablesf]. In 
principle, they can be measured by an appropriate adjustment of the spin vector 
and Fourier analysis with respect to the azimuthal angle tp. The interference 
term linearly depends on the CFFs and is, thus, of special interest. In facilities 
that have both kinds of leptons it can be separated by means of the charge 
asymmetry. The dominant harmonics are c/s^f, predicted at leading twist-two. 
We write them as product of leptonic prefactors C and 'universal' functions Cf: 

{%}-{%}{£}«■ <*> 

As mentioned before, they depend on nine CFFs 

Cf = (Gi ■ ■ ■ G 3 ) I j I, (28) 

where the matrix M. will be presented elsewhere [po| . Single spin-flip and unpo- 
larized as well as double spin-flip contributions provide the imaginary and real 
part, respectively, of the nine linear combinations Cf . 



4 Estimate of the beam-spin asymmetry 

In this section we estimate the size of the beam spin asymmetry 

Aw w = ^m^m ' (29) 



1 Note that c^ TTPS does not belong to an independent frequency, rather it can be 
included in the constant and cos 2 (#) terms of Eq. Q23[) . 
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at large y and small momentum transfer for the HERMES experiment. We should 
also ensure that M 2 /Q 2 corrections are under control. Since M = 1875.6 McV 
we require Q 2 > 4 GeV 2 . Because of large y, the BH amplitude dominates the 
DVCS one and thus the beam spin asymmetry is approximately determined by 

A LU (</>) ~ ±^f|p sin(^) with { + f r \ . (30) 
V <u„ P I - fOT e+ 

For — A min <C — Z\ 2 -C M 2 and ib ^ 0.3 the Fourier coefficients can be drasti- 
cally simplified due a crude approximation of kinematical factors 



Alu(^)~±\/-^2-(1-J/) d(Z\ 2 ) ^' ^ ' 

For a spin-1/2 target one finds the analogous equation, i.e., G± — » i 7 ! and — > 
H. Note that the sume rule 




n] {x^A\Q*) + Q d Q^x,t,A*,Q 2 )\ =|^|(^) (32) 

suggest that the A 2 — dependence of the valence-quark GPDs is essentialy given 
by G\ and Fi, respectively. The analyses of the HI, HERMES and CLAS data 
at LO indicate that the A 2 fall-off of the sea-quark GPDs is steeper than the 
valence quark ones. Thus, we neglect the sea quark contribution and write the 
valence like GPDs as a product of form factor and quark distribution function 



3mW(£, A 2 ) 



7r{Q^(£)+QW£)}| f=XH /2- ( 33 ) 



Fi(Z\ 2 ) \^uW v ^J-r^dia v \s,jJ li=XB/2 

^t^ 2 ) Ql + Q 2 

Gi( ^ 2 ) n 2 {<luv ® Qdv K"K=*b/2 • (34) 

For HERMES kinematics with central values (x B ) = 0.11, (A 2 ) = -0.27 GeV 2 
and (Q 2 ) = 2.6 GeV 2 we find with the MRS A' parametrization A LU (0) ~ 
O.3sin(0) for positron-proton scattering, which is consistent with experimental 
data Q. For Q 2 = 4 GeV 2 , x B = 0.1 and A 2 = -0.3 GeV 2 we estimate 

^4lu(</0 ~ — O.13sin(0) for deuteron target, (35) 
-<4-lu(<^) ~ — O.16sin(0) for proton target. 



5 Summary 

We gave the general azimuthal angular dependence of the leptoproduction cross 
section of a photon on a spin-1 target. Such experiments allow to study the 
deuteron from a new perspective. Compared to DIS or elastic lepton-deuteron 
scattering, they provide additional information, contained in the CFFs. 
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At twist-two level there are nine CFFs. In the case of a polarized beam and 
target, with an adjustable quantization direction, the imaginary and real part of 
all these CFFs can be separately measured by means of the charge asymmetry. 
Moreover, an appropriate Fourier analysis allows to eliminate the twist-three 
contamination. In this way one gets the maximal access to the deuteron GPDs 
at twist-two level, with a contamination of M 2 /Q 2 and A 2 /Q 2 contributions. 

As discussed, for certain kinematics the beam spin asymmetry is essentially 
determined by one CFF only. Although the approximations are rather crude, 
the result can serve to obtain a qualitative understanding of this GPD. The 
LO analysis of the pioneering measurements of DVCS ||Tl| , [l3| , |l4| on the proton 
suggest for — A 2 ~ 0.3 GeV 2 the dominance of valence-quark GPDs with no 
essential enhancement by the skewedness effect. Assuming the same features 
also for the deuteron GPDs, we estimated the size of the beam spin asymmetry. 
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